Abstract. We discuss the axial dynamics of laser-cooled relativistic C 3+ ion beams at moderate bunching voltages. Schottky noise spectra measured at a beam energy of 122 MeV/u are compared to simulations of the axial beam dynamics. Ions confined in the bucket are addressed by the narrow-band force of a laser beam counter-propagating to the ion beam, while the laser frequency is detuned relatively to the cooling transition frequency in the rest frame of the bucket. At large detuning comparable to the momentum acceptance of the bucket, the axial dynamics can be well explained by the secular motion of individual non-interacting ions. At small detuning, corresponding to a small axial momentum spread ∆p axial /p axial < 10 −6 of the ions, the measured Schottky noise spectra can no longer be explained using an approach which neglects the ion-ion interaction. Instead, the model fails when the ion bunch enters the space-charge dominated regime, at which the mutual Coulomb-energy of the ions becomes comparable to the kinetic energy of the ions.
Introduction
Laser-cooling of bunched ion beams, as first demonstrated in the ASTRID storage ring [1] , utilises the restoring force of the bucket to counteract the laser force. This cooling scheme does not require a laser beam co-propagating with the ion beam. Instead, only one laser beam counter-propagating to the ion beam is needed to provide a momentum-dependent friction force which damps the synchrotron oscillation of the ions in the bucket. While the ions oscillate in the bucket, those ions in resonance with the laser light are cooled by the combined forces of the bucket and the laser. Before laser-cooling is applied, the momentum distribution of the bucket resembles the momentum acceptance of the bucket, which is approximately ∆p acc,b /p acc,b ≈ 2 × 10 −5 in the experiment discussed here. The momentum acceptance of the laser force of about ∆p acc,l /p acc,l ≈ 5 × 10 −8 does not match the initial momentum distribution of the hot ions. Two cooling schemes exist to overcome this mismatch, which both rely on detuning the laser frequency relative to the frequency of the cooling transition for ions at rest in the bucket center. This can be done either by scanning the laser frequency directly or by changing the bunching frequency and keeping the laser frequency fixed. The latter scheme provides a wider detuning range as is accessible with the laser system which was used in the experiment and will thus be the focus of this work. In the following, the experimental conditions will be briefly summarized, before the dynamics of the ions in the bucket and the corresponding beam characteristics will be discussed in detail.
Experimental Setup
Laser-cooling is provided using a continuous-wave, single mode, single frequency argon ion laser system. After doubling the laser frequency to λ l,lab /2 = 257.34 nm, the laser beam is overlapped with the C 3+ ion beam -see Fig. 1 for a schematic overview of the storage ring including a list of the most important experimental parameters. With the ion beam energy set to 1.47 GeV, the relativistic Doppler shift of the laser wave length from the laboratory frame to the ion rest frame [3] amounts to c) The absolute detuning has been reduced, the ion bunch is now space-charge dominated.
d) The absolute detuning has almost reached its minimum value. No blowup of the beam due to intra beam scattering is observed.
assuming the orientation of the ion beam and the laser beam to be anti-parallel. Compared to bunched beams typically provided in storage rings, the moderate bunching voltages of only a few volts resulted in weak axial confinement of the ions and thus in bunch lengths of about 1 m at ion currents on the order of 10 µA. Measurements of the beam parameters were performed for various bunching frequencies f b = h × f rev subsequently set to the 5 th , 10 th and 20 th harmonic h of the revolution frequency f rev . Given a betatron tune of Q = 2.3 [4] , the betatron frequency f beta = Q × f rev ≈ 2.9785 MHz is orders of magnitude larger than the synchrotron frequency of f sync ≈ 188 Hz measured for the 20 th harmonic at a bunching voltage of about U b ≈ 7 V . The bunch form thus resembles an ellipsoid elongated in the axial direction.
Detuning the bunching frequency relatively to the laser frequency
In the following we focus on a single series of Schottky signals recorded at a bunching frequency of f b,0 ≈ 20 × f rev ≈ 25.894750 MHz, previously discussed in [5] . The sign of the bunching frequency detuning ∆f b = f b − f b,0 indicates whether the bucket force and the laser force are opposed to each other (negative ∆f b ), thus providing a net cooling force, or if both point in the same direction (positive sign). When both the bucket force and the laser force point in the same direction, the ions are driven out of the bucket by the combined bunching and laser force. The change from negative to positive detuning ∆f b thus easily marks the bunching frequency f b,0 at which those ions at rest in the bucket are in resonance with the laser frequency. The bunching frequency is detuned at a rate of 10 Hz per second, meaning that every second the bunching frequency is increased by 10 Hz in a single step. During the scan the laser frequency is kept at a fixed value. The scan of the bucket frequency starts with the laser frequency being near the brim of the separatrix, meaning that the relative detuning of the bucket frequency is of the same order as the relative momentum acceptance
of the bucket. Both are related by the slip factor η [4] . When the absolute detuning is reduced, subsequently ions with lower relative momentum come in resonance with the laser force and are thus cooled. The total axial momentum spread is therefore reduced during the scan of the bucket frequency. This cooling scheme relies on the cooling time being much faster than the time for the frequency scan (for an estimate of the cooling time see [3] ). Furthermore, intra-beam scattering (IBS) can cause fast heating of the ions, which can lead to a sudden increase of the axial momentum that cannot be counteracted by a single, narrow-band laser. A schematic view of the cooling scheme is shown in Fig. 2 . The total axial momentum spread of the beam is determined by the position of the laser frequency in momentum space, so that
as long as no strong heating due to IBS occurs. Fig. 3 a) shows a colour-coded plot of the Schottky noise spectrum. The intensity of the Schottky signal is scaled logarithmically, the Y-axis shows the scanning time and the X-axis The black curves show the measured data while the green curves depict the simulation result. Spacing, total position and relative intensity of the carrier to the sidebands are well matched by the simulation. The increased pedestal can be attributed to the number of ions used in the simulation, which was about a factor 1000 smaller than in the measurement. The simulation data was scaled in intensity to match the measured curves.
A detailed discussion of Schottky noise spectra
the bunch frequency. The yellow line illustrates the fixed position of the laser frequency. Four slices marked b), c), d) and e) are selected from the time evolution of the Schottky spectrum as indicated by four white boxes. With decreasing absolute detuning the momentum spread, corresponding to the number of side bands visible in the spectrum, decreases. In Fig. 3 b) the laser frequency is located near the brim of the separatrix, while in part c) the momentum spread is already significantly reduced. Part d) of Fig. 3 marks the transition from an axially emittance dominated beam to a space-charge dominated [6] beam. A detailed analysis of this transition is given in [5] , indicating that the linear density of the bunch remains constant for smaller absolute detuning [7] , while the axial momentum spread of the beam becomes smaller than the resolution of the Schottky pickup measurement. Finally, part e) of Fig. 3 shows a Schottky spectrum at small absolute detuning. In the following we will focus on two features of the time evolution of the spectra. First, the reduced intensity of the carrier signal compared to the intensity of the side bands. Second, the overall reduction of the intensity of the Schottky noise signal, which finally leads to an almost vanishing signal at small absolute detuning.
Axial dynamics of the laser-cooled ions in the bucket
In a simple, yet far reaching simulation of the axial dynamics of the laser-cooled ions in the bucket, we assume that the ions do not interact with each other, but instead can oscillate independently in a harmonic bucket potential. The detuning of the laser force is set according to the measured spectra shown in Fig. 3 b) and c). The axial momentum spread of the ions is precisely reproduced by setting ∆p axial /p axial ≡ |∆f b |/(η f b ). The reduction of the carrier intensity can be simulated by a collective axial oscillation of the ions in the bunch. The amplitude of this oscillation is bounded by the position of the laser force in the bucket well, meaning that the amplitude can be derived by equating the maximum potential energy of the ions with the energy difference given by the absolute detuning of the laser frequency relative to the bucket center. The collective oscillation itself can be understood by looking closer at the experimental realization of the cooling scheme. Instead of continuously changing the bunching frequency, it has been changed stepwise, thus altering the position of the bucket in momentum space abruptly. We attribute the collective oscillation of the ions in the bucket to this abrupt change in the position of the bucket minimum. The only force counteracting the oscillation is the laser force, which rapidly damps all oscillation amplitudes exceeding the barrier defined by the position of the laser frequency relative to the bucket center. Thus, assuming both the amplitude of the collective oscillation and the momentum spread of the ions are bounded by the absolute detuning, the Schottky noise spectra depicted in Fig. 3 and c) are reproduced by the simulation, as can be seen in Fig. 4 . Besides the physical characteristics of the Schottky spectra, numerical artefacts due to the underlying Fast-Fourier-Transformation (FFT) algorithm are found both in simulation and experimental data. Namely, the amplitude of the satellite side bands, which appear in 3 d) next to the two regular first order side bands, could be both increased and decreased to zero depending on the number of revolutions of the beam used as an input for the FFT. They could thus be identified to have no physical significance.
6. Schottky noise spectra of space-charge dominated beams This situation changes when |∆f b | is further reduced. While in the simulation the carrier signal increases drastically, the measurement shows an almost vanishing carrier signal and a further reduction of the first side bands. In the simulation, the increase of the carrier signal is caused by the reduction of the collective oscillation amplitude. The simulated Schottky noise signal therefore becomes equal to the signal of a stationary ensemble of non-interacting ions resting in the bucket, for which the intensity of the carrier signal is proportional to the number of particles confined in the bucket [8] .
The simulation can no longer be brought in accordance with the experimental data when the beam becomes space-charge dominated in the axial direction. In particular, it does not reproduce the decreasing signal strength of the Schottky signal. In the emittance-dominated regime, which is well described by the simulation, the ion dynamics can be modeled neglecting the Coulomb interaction of the ions, since the kinetic energy of the ions is much larger than the mutual Coulomb energy. However, in the space-charge dominated regime, the kinetic energy of the ions is reduced to values where it becomes comparable to the the mutual Coulomb energy [6] . The simulation model therefore has to fail.
